INTRODUCTION
============

The small GTPase Ran regulates multiple cellular processes, including nucleocytoplasmic transport, mitotic spindle assembly, and nuclear envelope assembly ([@B4]). The GTPase cycle of Ran is driven by the guanine nucleotide exchange factor (GEF) regulator of chromosome condensation 1 (RCC1) and the GTPase-activating protein RanGAP1 ([@B4]). Throughout the cell cycle, RCC1 is associated with chromatin, whereas RanGAP1 localizes in the cytoplasm. The distinct subcellular localization of these Ran-specific regulators results in accumulation of Ran-GTP within interphase nuclei or near mitotic chromosomes, whereas Ran-GDP accumulates within interphase cytoplasm or distal to mitotic chromosomes. Therefore proper localization of RCC1 is crucial for asymmetric Ran-GTP distribution.

RCC1 is a 45-kDa nuclear protein composed of a short, flexible N-terminal domain (NTD) and a major catalytic domain ([@B17]). The NTD contains a lysine-rich region, which functions as a nuclear localization signal (NLS). This NLS mediates the nuclear import of RCC1 by the importin α3/β pathway in a Ran-GTP--dependent manner ([@B12]; [@B20]; [@B15]). Because RCC1 is the sole Ran-GTP producer, it is unlikely that its localization relies exclusively on self-produced Ran-GTP. In fact, the N-terminal--truncated mutant of RCC1 can also localize to the nucleus, suggesting the existence of additional nuclear localization mechanisms ([@B19]; [@B12]; [@B11]). It is possible that the chromatin-binding feature of RCC1 may contribute to its nuclear localization.

Although RCC1 is associated with chromatin throughout the cell cycle, the regions of RCC1 involved in this association remain unclear. Previous studies suggest that the NTD contributes to chromatin binding of RCC1. In addition, binding of NTD to chromatin DNA requires α-methylation of N-terminal serine 2 by the N-terminal RCC1 methyltransferase ([@B2]; [@B21]). On the other hand, structural analysis of the RCC1--nucleosome complex indicates that the major catalytic domain of RCC1 binds directly with histones H2A/H2B and nucleosomal DNA ([@B9]). However, the biological significance of this site remains elusive.

In this study, we used RCC1-deficient DT40 cells to examine the functional role of each RCC1 domain, including the chromatin-binding domain. We found that the histone/DNA-binding site of the catalytic domain largely contributed to chromatin association of RCC1, whereas the NTD was not involved in chromatin binding. Surprisingly, neither the NTD nor the histone/DNA-binding domain was indispensable for RCC1 function. However, codisruption of both of these domains resulted in cell death, and this phenotype was rescued by artificial nuclear localization of RCC1. Furthermore, we found that although the transiently expressed, NTD-truncated mutant RCC1 localized in the cytoplasm during interphase, it loaded onto the chromatin just after nuclear envelope breakdown (NEB) and remained in the nuclei until the next interphase. These data indicate that chromatin association of RCC1 during mitosis is crucial for its nuclear localization in the following interphase, and we conclude that this is essential for the nuclear accumulation of Ran-GTP.

RESULTS
=======

Establishment of efficient RCC1-conditional knockout cell lines
---------------------------------------------------------------

To analyze the function of RCC1 in vivo, we first created an RCC1-deficient DT40 chicken cell line ([Figure 1A](#F1){ref-type="fig"}). Because RCC1 is essential for cell viability, a conditional knockout cell line was generated by expressing RCC1 from cDNA, under the control of a tetracycline-responsive promoter (TRE), after disruption of the endogenous RCC1 alleles ([Figure 1A](#F1){ref-type="fig"} and Supplemental Figure S1A). Establishment of the tetracycline (TET)-induced knockout cell lines (RCC1^−*/*−^, Rcc1^tTA^) was confirmed by Southern hybridization (Supplemental Figure S1, A and B). Although RCC1 protein expression was gradually lost after TET addition, its levels reached \<1% after 3 d (Supplemental Figure S1C). Consistent with the slow RCC1 depletion response, cells stopped growing and died within 3--5 d after TET addition (Supplemental Figure S1, D and E). However, evaluation of substantial RCC1 function at each cell cycle stage required its rapid depletion. For this, an auxin-induced-degradation (Aid) system ([@B14]) was introduced in the TET-induced knockout cell line to generate a highly efficient conditional knockout cell line ([Figure 1A](#F1){ref-type="fig"}). The TET-responsive RCC1 was replaced with Aid-tagged RCC1, which could be degraded by the addition of indole-3-acetic acid (IAA; a natural auxin) in the presence of TET. As expected, Aid-RCC1 expression was completely lost 1 h after the addition of IAA ([Figure 1B](#F1){ref-type="fig"}). This rapid degradation occurred both in the presence and in the absence of nocodazole (a spindle poison), and the amount of Ran was unchanged by the addition of IAA ([Figure 1B](#F1){ref-type="fig"}). These observations indicate that this degradation system specifically affects RCC1 expression throughout the cell cycle. Thus, this conditional knockout cell line is useful for studying the function of RCC1 at particular stages of the cell cycle.

![Establishment of the Aid-based RCC1 conditional knockout cell line. (A) Scheme of Aid-based RCC1 conditional knockout cell line generation. (B) Protein levels of Aid-RCC1 in Aid-based RCC1 conditional knockout cells after addition of IAA in the presence or absence of nocodazole. Wild-type DT40 (Cl18) cells or cells expressing RCC1 cDNA (RCC1^tTA^) under the control of a TET-responsive promoter were also examined. Whole-cell lysates were subjected to 5--20% SDS--PAGE, followed by Western blot analysis with affinity-purified polyclonal anti-RCC1 antibody. Anti-Ran was used as a negative control, and anti--histone H3 was used as the loading control. (C) Proliferation of Aid-based RCC1 conditional knockout cells after addition of TET and IAA. Live cells were counted after trypan blue staining. (D) Cell cycle distribution after depletion of RCC1. Aid-based RCC1 conditional knockout cells were maintained in the presence of TET at a final concentration of 2 μg/ml, and samples were collected at the indicated times after addition of 500 μM IAA. Incorporation of propidium iodide (*x*-axis, linear scale) and BrdU (*y*-axis, log scale) was analyzed by FACS. The boxes represent the populations of G1 phase cells, and the numbers indicate the percentages of G1 population.](371fig1){#F1}

The growth rates of this cell line in the presence and absence of TET were similar ([Figure 1C](#F1){ref-type="fig"}), indicating that wild-type RCC1 was functionally replaced by Aid-RCC1. Therefore this conditional knockout cell line was cultured in the presence of TET (+TET, --IAA), and addition of IAA (+TET, +IAA) resulted in growth arrest and rapid cell death ([Figure 1C](#F1){ref-type="fig"}). For further validation, we examined the cell cycle distribution and found that ∼50% of the cells were arrested at the G1 stage with the continuous presence of IAA ([Figure 1D](#F1){ref-type="fig"}). Because loss of RCC1 presumably results in defective nuclear transport of many essential proteins, inhibition of various biological processes is possible at any stage of the cell cycle. However, because the Aid system showed remarkable G1 arrest, we focused on this phenotype.

RCC1 is not essential for mitotic progression but is required for nuclear reformation after mitosis
---------------------------------------------------------------------------------------------------

Microscopic examination of the morphology of RCC1-deficient cells frequently revealed cells with partially condensed, abnormally shaped nuclei (clover-shaped nuclei; [Figure 2A](#F2){ref-type="fig"}). Corresponding to the G1 cell populations ([Figure 1D](#F1){ref-type="fig"}), cells with clover-shaped nuclei were increased by the continuous presence of IAA ([Figure 2B](#F2){ref-type="fig"}). Because these clover-shaped nuclei appeared to be condensed chromosomes, we hypothesized that this phenotype might result from abnormal mitosis. To rule out the possibility that this phenotype was caused by interphase defects, we synchronized the RCC1 conditional knockout cells in mitosis in the absence of IAA. Addition of IAA and subsequent release from mitosis converted most of the mitotic population to cells with clover-shaped nuclei ([Figure 2C](#F2){ref-type="fig"}). Consistent with our hypothesis, this result indicates that cells with clover-shaped nuclei were formed during or after mitosis.

![Phenotype of RCC1-deficient cells. (A) Abnormal nuclear morphology (clover-shaped nuclei) of RCC1-deficient cells (right). Aid-based RCC1 conditional knockout cells were fixed before (left) and after (right) addition of 500 μM IAA and stained with DAPI. Scale bar, 10 μm. (B) Quantification of cell types after addition of IAA to Aid-based RCC1 conditional knockout cells. Samples were collected at the indicated times after addition of 500 μM IAA. (C) Quantification of cell types after release from mitotic arrest by nocodazole. Aid-based RCC1 conditional knockout cells were synchronized in mitosis by nocodazole treatment in the absence of IAA. Cells were washed for mitotic release in the presence or absence of IAA, and samples were collected at the indicated time-points (nocodazole release = time 0). (D) Live-cell imaging of Aid-based RCC1 conditional knockout cells expressing histone H2B-RFP (red) and GFP-tubulin (green) after IAA addition (bottom). Control cells are also shown (top). The numbers indicate time (minutes) from NEB. (E) Durations from NEB to the onset of anaphase for RCC1 conditional knockout cells, represented as box-and-whisker plots. (Control, *n* = 50, *m* = 25 min; +IAA, *n* = 22, *m* = 35 min). (F) Characterization of clover-shaped nuclei. RCC1 conditional knockout cells were stained with anti--phospho CDK1 substrates, DiOC6(3), and mAb414, respectively (left). Nuclei of GFP-lamin B2 (green)-- and H2B-RFP (red)--expressing RCC1 conditional knockout cells were also observed microscopically (right).](371fig2){#F2}

To visualize directly the conversion of mitotic cells to cells with clover-shaped nuclei, we recorded the cell cycle progression of RCC1-deficient cells by live-cell imaging ([Figure 2D](#F2){ref-type="fig"} and Supplemental Movie S1). Control cells took ∼30 min to progress from NEB to the onset of anaphase ([Figure 2, D and E](#F2){ref-type="fig"}, and Supplemental Movie S2). In RCC1-deficient cells, after chromosomal condensation and alignment at the metaphase plate, chromosome segregation occurred normally. The time taken by RCC1-deficient cells to progress from NEB to the onset of anaphase was similar to that of the control cells ([Figure 2, D and E](#F2){ref-type="fig"}, and Supplemental Movie S1). These observations suggest that RCC1 is not essential for mitotic progression. However, after mitotic exit, telophase/G1 cells began showing clover-shaped nuclei (from 54 to 72 min; [Figure 2D](#F2){ref-type="fig"}, +IAA). We confirmed that these cells showed reduced CDK activity ([Figure 2F](#F2){ref-type="fig"}). Considering these observations, we conclude that conversion to cells with clover-shaped nuclei occurs at telophase/G1 phase, just after the completion of mitosis.

Because normal nuclear reformation did not occur in RCC1-deficient cells ([Figure 2D](#F2){ref-type="fig"} and Supplemental Movie S1), we examined their nuclear envelope. Presence of the nuclear membrane (lipid stained by 3,3'-dihexyloxacarbocyanine iodide \[DiOC6(3)\]), nuclear pore components (Nup recognized by mAb414), and lamin B2 was observed around the clover-shaped nuclei ([Figure 2F](#F2){ref-type="fig"}).

The histone/DNA-binding region is essential for chromatin association of RCC1
-----------------------------------------------------------------------------

Next we examined the domains required for each RCC1 function. RCC1 contains multiple domains, including an NTD, a Ran-binding site, and a histone/DNA-binding site in the catalytic domain ([Figure 3A](#F3){ref-type="fig"}). To evaluate the functional significance of these domains in vivo, we generated several mutants for each RCC1 domain ([Figure 3A](#F3){ref-type="fig"} and Supplemental Figure S2), based on previous studies ([@B16]; [@B9]). RCC1^∆20^ (Δ1--20 amino acids) is an N-terminal--truncated mutant that lacks NLS. RCC1^Ran^ (M76R) is expected to show defects in GEF activity because M76 is one of the critical Ran-binding sites ([@B16]), whereas RCC1^histone/DNA^ (R216E/R231E/K223E) is expected to show defective histone/DNA binding ([@B9]).

![RCC1 histone/DNA-binding sites are required for chromatin association. (A) Diagrammatic representation of various RCC1 mutants. (B) Subcellular localization of mutant RCC1s in interphase and mitotic cells. RCC1-deficient cells expressing mutant RCC1-GFP (green) were stained with Hoechst (blue). (C) Biochemical fractionation of RCC1-deficient cells expressing mutant RCC1-GFP. Wild-type cells were used as controls. Whole-cell (W), chromatin (P), and soluble (S) fractions were analyzed by Western blot and probed with anti-RCC1 antibody. Tubulin was detected mainly in the soluble fraction, and histone H3 was detected mainly in the chromatin fraction.](371fig3){#F3}

To investigate the cellular localization of these mutants ([Figure 3B](#F3){ref-type="fig"} and Supplemental Figure S3), we expressed green fluorescent protein (GFP)--tagged RCC1 mutants in RCC1-deficient cells. The wild-type RCC1 localized to the interphase nuclei and mitotic chromosomes; however, RCC1^histone/DNA^ did not associate with mitotic chromosomes. In contrast, RCC1^∆20^ localized to interphase nuclei and mitotic chromosomes even though it lacks NLSs. As expected, the localization of RCC1^Ran^ was comparable to that of wild-type RCC1 ([Figure 3B](#F3){ref-type="fig"} and Supplemental Figure S3).

Although RCC1^histone/DNA^ did not associate with mitotic chromosomes, it localized in interphase nuclei ([Figure 3B](#F3){ref-type="fig"} and Supplemental Figure S3). To characterize the defects in the chromatin binding of RCC1^histone/DNA^ in interphase nuclei, we separated the chromatin (P) and soluble (S) fractions by biochemical fractionation. Most RCC1^histone/DNA^ was detected in the soluble fraction ([Figure 3C](#F3){ref-type="fig"}), suggesting that RCC1^histone/DNA^ does not associate with chromatin even in interphase nuclei. The distribution profile of other mutants was similar to that of wild-type RCC1 ([Figure 3C](#F3){ref-type="fig"}). On the basis of these analyses, we concluded that chromatin binding of RCC1 is mediated by histone/DNA-binding sites in the catalytic domain, as predicted by its crystal structure ([@B9]).

Neither the chromatin-binding domain nor the NTD is essential for RCC1 function
-------------------------------------------------------------------------------

To assess the importance of each domain of RCC1, we examined the viability of each cell line in which wild-type RCC1 was replaced with mutant RCC1 ([Figure 4A](#F4){ref-type="fig"}). We confirmed that the expression levels of RCC1 mutants were similar to that of endogenous RCC1 ([Figure 3C](#F3){ref-type="fig"}). Introduction of wild-type RCC1 into RCC1-deficient cells restored cell growth ([Figure 4A](#F4){ref-type="fig"}). Surprisingly, introduction of RCC1^histone/DNA^ or RCC1^∆20^ could rescue the growth defect of RCC1-deficient cells ([Figure 4A](#F4){ref-type="fig"}), indicating that either the chromatin-binding domain or the NTD is dispensable for RCC1 function. We also confirmed that the morphology of nuclei in RCC1^histone/DNA^- or RCC1^∆20^-expressing RCC1-deficient cells was normal ([Figure 4C](#F4){ref-type="fig"}). In contrast, RCC1-deficient cells expressing RCC1^Ran^ died after nuclear reformation defects ([Figure 4B](#F4){ref-type="fig"}). We observed that 50% of RCC1^Ran^-expressing cells showed clover-shaped nuclei ([Figure 4C](#F4){ref-type="fig"}). Because the RCC1^Ran^ mutation causes defects in GEF activity, we conclude that GEF activity of RCC1 is essential for nuclear reformation; however, neither the chromatin-binding domain nor the NTD is required for RCC1 function.

![Neither the chromatin-binding domain nor the NTD is essential for RCC1 function. (A) Proliferation of RCC1-deficient cells expressing RCC1, RCC1^histone/DNA^, or RCC1^∆20^. (B) Proliferation of RCC1-deficient cells expressing RCC1^Ran^. (C) Quantification of cell types after expression of RCC1 mutants in RCC1-deficient cells. Samples were collected 5 h after addition of 500 μM IAA.](371fig4){#F4}

Nuclear localization of RCC1 is essential for its function
----------------------------------------------------------

Because RCC1^∆20^ showed nuclear localization in the interphase without an NLS, we hypothesized that nuclear localization may be facilitated by chromatin association rather than the NLS. To test this hypothesis, we generated a double mutant for NTD and chromatin-binding domain (RCC1^∆20/histone/DNA^) and introduced this mutant into RCC1-deficient cells ([Figure 5, A--D](#F5){ref-type="fig"}). Consistent with our hypothesis, RCC1^∆20/histone/DNA^ did not localize in interphase nuclei and was not associated with mitotic chromosomes ([Figure 5, A and B](#F5){ref-type="fig"}, and Supplemental Figure S4). In addition, RCC1^∆20/histone/DNA^ did not rescue RCC1 deficiency ([Figure 5, C and D](#F5){ref-type="fig"}). These analyses suggest that these two domains of RCC1 show functional overlap for its nuclear localization, which might be essential for its function.

![Nuclear localization of RCC1 is essential for its function. (A) Subcellular localization of RCC1^∆20/histone/DNA^ or RCC1^∆20/histone/DNA^-NLS in interphase and mitotic cells. RCC1-deficient cells expressing each mutant RCC1-GFP (green) were stained with Hoechst (blue). (B) Biochemical fractionation of RCC1-deficient cells expressing RCC1^∆20/histone/DNA^ or RCC1^∆20/histone/DNA^-NLS. Whole-cell (W), chromatin (P), and soluble (S) fractions were analyzed by Western blot with anti-RCC1 antibody. (C) Proliferation of RCC1-deficient cells expressing RCC1^∆20/histone/DNA^ or RCC1^∆20/histone/DNA^-NLS. (D) Quantification of cell types after expression of RCC1^∆20/histone/DNA^ or RCC1^∆20/histone/DNA^-NLS in RCC1-deficient cells. Samples were collected 5 h after addition of 500 μM IAA.](371fig5){#F5}

To test whether nuclear localization of RCC1 is crucial for its function, we added SV40-NLS to the C-terminal end of RCC1^∆20/histone/DNA^ (RCC1^∆20/histone/DNA^-NLS) and expressed it in RCC1-deficient cells. Although RCC1^∆20/histone/DNA^-NLS did not show chromatin association ([Figure 5, A and B](#F5){ref-type="fig"}, and Supplemental Figure S4), it was observed to localize in interphase nuclei ([Figure 5A](#F5){ref-type="fig"}). Of importance, RCC1^∆20/histone/DNA^-NLS rescued RCC1 deficiency ([Figure 5, C and D](#F5){ref-type="fig"}), suggesting that GEF activity is not affected in this double mutant. On the basis of these analyses, we conclude that nuclear localization of RCC1 is essential for its function.

Chromatin-binding activity during mitosis facilitates interphase nuclear localization of RCC1
---------------------------------------------------------------------------------------------

Although our results suggest that nuclear localization of RCC1 is essential for its function, it is unclear how RCC1^∆20^ could localize in the nuclei in the absence of the NLS. Because the NTD and the chromatin-binding domain show functional overlap for nuclear localization of RCC1, it is possible that RCC1 translocates into the nucleus via its chromatin-binding activity. To visualize this process, we transiently expressed each RCC1 mutant and observed the nuclear import of newly synthesized RCC1-GFP by live-cell imaging.

RCC1^histone/DNA^ translocated into the nuclei of cells within their first interphase, soon after its expression by using its NLS. After NEB, RCC1^histone/DNA^ spread throughout the cell and dissociated from chromatin during mitosis; it then translocated back into the nuclei by using its NLS in the second interphase ([Figure 6A](#F6){ref-type="fig"}, second panel). In contrast, RCC1^∆20^, which lacks an NLS, was not incorporated into the nuclei in the first interphase after its expression. However, it associated with chromatin during mitosis and remained in the nuclei at the second interphase, possibly due to its chromatin-binding activity ([Figure 6A](#F6){ref-type="fig"}, third panel). The double mutant RCC1^∆20/histone/DNA^ did not incorporate into the nuclei at any point ([Figure 6A](#F6){ref-type="fig"}, fourth panel). On the basis of these results, we propose two pathways for nuclear localization of RCC1: the NLS-dependent and NLS-independent pathways ([Figure 6B](#F6){ref-type="fig"}). The NLS-dependent pathway uses the N-terminal NLS, whereas the association of RCC1 with chromatin during mitosis mediates its nuclear localization at the next interphase in the NLS-independent pathway.

![Chromatin binding of RCC1 during mitosis facilitates its nuclear localization in interphase. (A) Temporal localization of each mutant RCC1-GFP after transient expression. Localization of newly synthesized RCC1-GFP was followed throughout the cell cycle by live-cell imaging. RCC1-GFP intensity within the cytosol and nucleus were quantified before (first interphase, blue) and after (second interphase, red) mitosis. N/C ratios are represented as box-and-whisker plots. (B) A model for nuclear localization of RCC1: NLS-dependent and -independent pathways. In the NLS-dependent pathway, N-terminal NLS is essential for the nuclear transport of RCC1, which is mediated by importin α3/β in a Ran-GTP--dependent manner. In the NLS-independent pathway, chromatin binding of RCC1 during mitosis plays an important role in its nuclear localization at the next interphase.](371fig6){#F6}

DISCUSSION
==========

RCC1 has been identified as the gene product responsible for the phenotype of the tsBN2 cell line ([@B22]). This cell line is a temperature-sensitive cell cycle--progression mutant produced by random mutagenesis ([@B13]). The RCC1 protein disappears in these cells at the restrictive temperature for reasons yet unknown. At the same time, the possibility that heat stress could disrupt the Ran cycle in experiments using tsBN2 cells cannot be excluded completely ([@B5]; [@B10]). Although the tsBN2 cell has long been a major genetic tool, it was worth creating an alternative tool to analyze the function of RCC1 for the reasons mentioned. In this study, we established an efficient conditional knockout cell line in which auxin addition can rapidly eliminate RCC1. This is a useful tool to assess the function of RCC1 at specific stages of the cell cycle.

Different experimental approaches suggested that RCC1 contributes to multiple cellular functions through the Ran-GTP gradient around chromosomes, including mitotic spindle assembly ([@B8]). However, our auxin-based RCC1 knockout DT40 cell line did not show significant defects in spindle shape or chromosome segregation. On the other hand, we found abnormally shaped nuclei after mitotic exit, leading us to conclude that RCC1 is not essential for mitotic progression in chicken DT40 cells but is required for nuclear reformation. It is possible that despite the rapid loss of RCC1, there was sufficient Ran-GTP for spindle formation, although not for nuclear reformation. Alternatively, DT40 cells may be less dependent on Ran-GTP for spindle assembly than some other experimental systems. In addition to the Ran-GTP gradient ([@B4]; [@B6]), the chromosomal passenger complex (CPC; composed of inner centromere protein, Borealin/DasraA, Survivin, and Aurora B; [@B18]) directly contributes to the spindle assembly ([@B24]). CPC, rather than the Ran-GTP gradient, may be the major contributor to spindle assembly in DT40 cells. In fact, we observed centromeric localization of Aurora B in RCC1-deficient cells (unpublished data).

A striking phenotype that we observed in DT40 cells involved defects in nuclear reformation. Although we did not observe significant changes in the nuclear envelope components that we tested ([Figure 2F](#F2){ref-type="fig"}), it is possible that the integrity of the nuclear envelopes in RCC1 deficient cells was compromised. We could not validate the functionality of the nuclear envelope, as these cells did not show nuclear transport activity (unpublished data). In addition, given that RCC1-deficient cells exited mitosis at the normal time, it is also possible that the cells had acquired some defects during mitosis that were reflected in the terminal phenotype that we observed in the telophase/G~1~ phase.

To investigate each domain of RCC1, we characterized RCC1-deficicent cells expressing various RCC1 mutants. Our results are summarized in Supplemental Figure S5. Our analyses of RCC1 mutants revealed that the major chromatin-binding domain of RCC1 was not the NTD but the histone/DNA-binding site of the catalytic domain. Previous reports suggested that the NTD contributes to chromatin binding of RCC1 and that the NTD bound to chromatin DNA through α-methylation of the N-terminal serine 2 ([@B2]; [@B7]). However, because chicken RCC1 does not have a consensus sequence for α-methylation (Supplemental Figure S2), the contribution of its NTD to chromatin binding might be less than that observed in other species.

We found that the histone/DNA-binding site was not essential for cellular proliferation. However, careful examination of growth curves indicated that RCC1-deficient cells expressing the histone/DNA mutant RCC1 showed slightly slower growth ([Figure 4](#F4){ref-type="fig"}). Although the cell cycle distribution of these cells was similar to that of wild-type cells, it is possible that the histone/DNA-binding site contributes to additional RCC1 functions.

In summary, our data support a model in which parallel NLS-dependent and NLS-independent pathways promote the nuclear localization of RCC1 ([Figure 6B](#F6){ref-type="fig"}). Wild-type cells possess both pathways, either of which is sufficient for survival. The NLS-dependent pathway is essential for nuclear import of newly synthesized RCC1 during interphase, and yet RanBP1 can inhibit cytosolic RCC1 and maintain the Ran-GTP gradient until NEB even if this pathway is compromised ([@B1]; [@B23]). Once NEB occurs, RCC1 can bind to the chromatin through its chromatin-binding region and remain nuclear through this association indefinitely.

Conversely, the NLS-independent pathway is essential for chromatin binding during mitosis, which in turn promotes the correct localization of RCC1 in the subsequent interphase. In the absence of this pathway, we expect that cells will have difficulty in establishing the Ran-GTP gradient at the telophase/G~1~ transition. In this case, the small portion of active RCC1 ([@B3]; [@B23]) that is passively incorporated into nuclei at the end of mitosis might be enough to jump start the Ran-GTP gradient because most cytosolic RCC1 could be inhibited by RanBP1 after mitosis.

In summary, our genetic experiments indicate that these two pathways for RCC1 localization are redundant. In the event that one pathway is compromised, the other pathway still allows for cell growth and survival. This redundancy is consistent with the idea that because the nuclear localization of RCC1 is crucial for its function, both pathways may be active at every cell cycle stage to ensure proper nuclear localization of RCC1.

MATERIALS AND METHODS
=====================

Cell culture and cell line construction
---------------------------------------

DT40 cells were maintained in Dulbecco's modified medium (Sigma-Aldrich, Tokyo, Japan) supplemented with 10% fetal bovine serum, 1% chicken serum, 100 μM β-mercaptoethanol, and penicillin--streptomycin (Gibco, Tokyo, Japan) in an atmosphere containing 5% CO~2~ at 38.5°C.

To disrupt the RCC1 gene, targeting vectors containing a selectable marker at the RCC1 gene locus were constructed (Supplemental Figure S1A, bold line). The 5′ genomic arm (chromosome 23, 2104841-2107474) was amplified by subjecting the genomic DNA to PCR using the primers GCTCTAGAGCATTTCACTGGAACAAACACG and TCCGGATCCCTGCTCCTTCCTCAGCC­TCCTC. The 3′ genomic arm (chromosome 23, 2110389-2118112 for first knockout or 2113048-2118163 for second knockout) was cloned from the lambda Fix II DT40 genomic library by using RCC1 cDNA as a probe. For the TRE promoter RCC1 construct, the chicken RCC1 cDNA was amplified by PCR from chicken DT40 mRNA by using the primers TATAAGCTTATGTCTGGAAAGCGTGCTGCC and ATAGGATCCCAGCTCCGTGCCTTGTCCTTG and cloned into pUHD10-3.

Plasmid constructs were linearized and transfected with a Gene Pulser II electroporator (Bio-Rad, Tokyo, Japan) into DT40 cells. Histidinol (1 mg/ml), Zeocin (1 mg/ml), and puromycin (0.5 μg/ml) were used to select for stable transfectants. After selection, DNA from drug-resistant clones was extracted and analyzed by Southern blot after digestion with *Bgl*ll or *Eco*RV and then probed with L or R probe, respectively (Supplemental Figure S1B). To obtain Aid-based RCC1-conditional knockout cells, the construct ([@B14]) containing the Aid degron-tag at the N-terminal end of RCC1 was transfected, and stable transfectants were selected in 2 mg/ml G418.

RCC1 mutants were generated by site-directed mutagenesis and transfected into the Aid-based RCC1-conditional knockout cells. Stable transfectants were selected in 25 μg/ml blasticidin S.

Western blot analysis and antibodies
------------------------------------

Whole-cell lysates were prepared and analyzed by 5--20% SDS--PAGE. Western blot analysis was performed by a standard protocol. Rabbit polyclonal anti-chicken RCC1 antibody (used at 1:10,000) was raised against hexahistidine-ggRCC1 and affinity purified. Anti-Ran antibody (used at 1:5000; BD Transduction Laboratories, Tokyo, Japan) and anti--α-tubulin antibody (DM1A, used at 1:1000; Sigma-Aldrich) were used. Anti--histone H3 antibody (used at 1:10.000) was a gift from H. Kimura (Tokyo Institute of Technology, Tokyo, Japan).

Fluorescence-activated cell sorting
-----------------------------------

Cells were treated with 20 μM bromodeoxyuridine (BrdU) for 20 min before fixation at the indicated time points. After fixation with ice-cold 70% ethanol, cells were stained with anti-BrdU (BD Biosciences, Tokyo, Japan) and propidium iodide and subjected to fluorescence-activated cell sorting (FACS) analysis.

Indirect immunofluorescence staining
------------------------------------

Cells were cytospun onto slides and fixed in 3.7% paraformaldehyde in phosphate-buffered saline (PBS) at room temperature for 15 min. After permeabilization with 0.1% Triton X-100 in PBS at room temperature for 5 min, samples were blocked with 1% bovine serum albumin (BSA) in PBS. Cells were probed with primary antibodies against phospho-CDK substrate (9477; used at 1:1000; Cell Signaling Technology, Danvers, MA) or mAb414 (ab24609, used at 1:5000; Abcam, Cambridge, UK) diluted with 1% BSA in PBS at 37°C for 1 h. After washing, Cy3-conjugated secondary antibody diluted with 1% BSA in PBS was used, and DNA was stained with 0.5 μg/ml 4′,6-diamidino-2-phenylindole (DAPI). Immunofluorescence images were collected with a Cool SNAP HQ camera (Roper Scientific, Tokyo, Japan) mounted on an Olympus IX71 inverted microscope with a 100× objective lens together with a filter wheel (Olympus, Tokyo, Japan). All subsequent analysis and processing of images were performed using MetaMorph software (Molecular Devices, Tokyo, Japan).

Live-cell imaging
-----------------

For live-cell imaging, histone H2B--red fluorescent protein (RFP) and tubulin-GFP plasmids ([Figure 2D](#F2){ref-type="fig"} and Supplemental Movies S1 and S2), histone H2B-RFP and GFP--lamin B2 plasmids ([Figure 2F](#F2){ref-type="fig"}), or mutant RCC1-GFP plasmids ([Figures 3B](#F3){ref-type="fig"} and [5A](#F5){ref-type="fig"}) were stably transfected into RCC1-deficient cells. Cells were stained with 1 μM DiOC6(3) ([Figure 2F](#F2){ref-type="fig"}) or 100 ng/ml Hoechst 33342 ([Figures 2F](#F2){ref-type="fig"}, [3B](#F3){ref-type="fig"}, and [5A](#F5){ref-type="fig"}) and observed using a confocal scanner box (CellVoyager CV1000; Yokogawa, Tokyo, Japan) with an oil immersion 100× objective lens in an atmosphere containing 5% CO~2~ at 37°C in the presence of 500 μM IAA. Time-lapse images were recorded at 3-min intervals with an exposure time of 0.1 s, and *Z*-sections (*n*  =  30) were acquired at 0.3-μm steps for each time point ([Figure 2D](#F2){ref-type="fig"} and Supplemental Movies S1 and S2).

To observe the temporal localization of newly synthesized RCC1-GFP, RCC1 mutants were transiently transfected using the Neon transfection system (Life Technologies, Carlsbad, CA). One hour after transfection, time-lapse images were recorded at 3-min intervals with an exposure time of 0.1 s. RCC1-GFP intensities within the cytosol and the nucleus (five points each) were quantified before (first interphase, blue) and after (second interphase, red) mitosis, and N/C ratios were represented as box-and-whisker plots ([Figure 6A](#F6){ref-type="fig"}; *n* = 20).

Cell fractionation for biochemical analysis
-------------------------------------------

RCC1-deficient cells expressing mutant RCC1-GFP were lysed in the lysis buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4, 150 mM KCl, 2 mM MgCl~2~, 0.1% NP40; 1 mM dithiothreitol/protease inhibitor) on ice for 5 min. The soluble fractions (S) were taken from the supernatant, and pellet fractions (P) were washed twice with the lysis buffer. Whole-cell (W), chromatin (P), and soluble (S) fractions were analyzed by 5--20% SDS--PAGE. Western blot analysis was performed with indicated antibodies.

Quantification of cell types
----------------------------

RCC1-deficient cells expressing mutant RCC1s were cytospun onto slides. After fixation, the cells were stained with anti--histone H3pS10 (1:10,000 dilution; provided by H. Kimura) and DAPI. Histone H3P10--positive cells were counted as mitotic cells, and partially condensed, abnormally shaped nuclei were counted as clover-shaped nuclei. More than 500 cells were scored for each cell line.
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Aid

:   auxin-induced-degradation

CDK

:   cyclin-dependent kinase

CPC

:   chromosomal passenger complex

DiOC6(3)

:   3,3'-dihexyloxacarbocyanine iodide

GEF

:   guanine nucleotide exchange factor

GFP

:   green fluorescent protein

IAA

:   indole-3-acetic acid

NEB

:   nuclear envelope breakdown

NLS

:   nuclear localization signal

NTD

:   N-terminal domain

Nup

:   nuclear pore component

RCC1

:   regulator of chromosome condensation 1

TET

:   tetracycline

TRE

:   tetracycline-responsive promoter.
